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Yu-Shiba-Rusinov (YSR) state arises when magnetic impurities interact with hosting 
superconductivity. The intricacy of coupling and the nature of the superconductivity 
determine the behavior of the YSR state, whose detailed correlations are not yet fully 
understood. Here we study the YSR state of single Fe adatom on the surface of 2H-
NbSe2 with combined low temperature scanning tunneling microscopy/spectroscopy, 
density functional theory calculations and tight-binding modeling. It is found that the 
Fe adatom occupies the hollow site of the Se surface layer. Prominent YSR state close 
to the Fermi level is observed. The YSR state exhibits threefold symmetry along the 
diagonal direction of the Se lattice. The spatial decay of the YSR state follows a behavior 
in three-dimensional superconductivity. This behavior contrasts with a previous study 
of imbedded Fe impurities, whose YSR state shows six-fold symmetry and two-
Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2020
2dimensional long-range decay [Ref. 23]. According to our theoretical modeling, the 
coupling configurations affect the adatom-substrate hopping and the interlayer 
coupling of the substrate. Both factors are crucial for the consequent behavior of the 
YSR state.
The local magnetic moment of magnetic impurities on surfaces of superconductors 
leads to a pair breaking effect in superconductivity and forms low-energy bound states inside 
the superconductor gap, which are named as YSR states [1-3]. The YSR bound states appear 
in pairs that are particle-hole symmetric relative to Fermi level, whose energy is determined 
by the spin of the local magnetic moment and its exchange coupling strength with the 
superconducting electrons [4, 5]. Since their first observation at single Gd and Mn impurities 
on Nb surface with scanning tunneling microscopy [6], fruitful properties of YSR states are 
revealed. These studies include the identification of spin polarization [7], and multiple YSR 
peaks from different angular momenta [8], magnetic anisotropy [9] and orbital structure of 
the local magnetic moment [10, 11]. Moreover, the YSR state has been utilized as a probe to 
study the exchange interaction between magnetic impurities [12, 13] and the competition 
between Kondo screening and pair breaking effect in superconductivity [14]. 
The interplay between the coupling of YSR states and spin-orbit coupling provides a 
platform for realizing topological superconductivity, which features Majorana modes at the 
boundary [15-22]. Due to the localized nature of YSR states, their mutual coupling requires 
a short separation between the magnetic impurities, which are typically on the atomic scale. 
Recently, Ménard et al. found long-range YSR states with a decay length of ~10 nm 
3expressing sixfold symmetry on Fe impurities imbedded in layered superconductor 2H-
NbSe2, which are interpreted as a courtesy of the two-dimensional property of 
superconductivity [23]. This compelling observation renders the possibility of constructing 
topological superconductor through long-range YSR state. However, the Fe impurities in the 
study were introduced unintentionally and the coupling between the YSR states are not 
controllable with atom manipulation based on STM because they are imbedded in the crystal. 
In this regard, we deposited Fe adatoms on the surface of NbSe2 substrate with 
molecular beam epitaxy in ultrahigh vacuum condition at low temperature and characterized 
their YSR states with scanning tunneling microscopy (STM) and spectroscopy (STS). The 
Fe adatoms provide well-defined magnetic impurities and are readily manipulated with the 
tip of STM. In contrast to previous observation, the YSR states surprisingly exhibit short-
range decay and threefold symmetry. Our theoretical modeling suggests that the threefold 
symmetry is related to the occupation site of Fe adatom on NbSe2. Our work reveals the 
importance of adsorption geometry on the behavior of YSR states, paving the way of further 
studying coupled YSR states on layered superconductors.
Our experiment was carried out in a custom-designed Unisoku STM (1300) at ~0.4 K 
[24]. Single crystals of 2H-NbSe2 were cleaved in situ under ultra-high vacuum conditions 
at ∼77 K. After cleaving, Fe atoms (Alfa Aesar, purity 99.998%) were evaporated onto the 
pristine surface at low temperature of ~30 K to get isolated Fe adatoms. Next, the sample 
was transferred quickly into STM chamber for subsequent measurements. An electro-etched 
4W tip is used for the STM probing, which has been cleaned and characterized on a Ag(111) 
substrate prior to the measurement. The tunneling spectra were recorded by standard lock-in 
technique with a modulation voltage (Vmod) of 50 μV at a frequency of 983 Hz. Our density 
functional theory (DFT) calculations were performed with Vienna An-initio Simulation 
Package (VASP) [25,26] with the projected augmented wave method [27]. The GGA-PBE 
exchange correlation functional was used in all calculations. The kinetic energy cut-offs of 
the plane wave basis were set to 400 eV. The impurity configuration was modeled by 4  4 ×
supercell of single layer NbSe2 with a single Fe adatom at on-top site of Nb, on-top site of 
Se, or hollow site. The coordinates of Fe and atoms in NbSe2 monolayer were optimized 
without any constraint until the forces acting on individual atoms becomes less than 20 
meV/Å.
Fig. 1(a) shows the topography of four single Fe adatoms on NbSe2 surface. On the 
NbSe2 substrate, there is a CDW pattern with a periodicity of about 3 times the lattice 
constant of top Se layer. The Fe adatoms appear as bright protrusions with an apparent height 
of 96 pm and a size of 0.76 nm. From the high resolution STM image, the adsorption site of 
the Fe adatoms are determined as the hollow-site of the top Se atom layer [Fig. 1(a), inset]. 
In addition, the shape of the Fe adatom exhibits bias dependence. It is round-shaped at an 
imaging bias of 100 meV and becomes triangular-shaped at the low imaging bias of 20 meV 
[Figs. 1(b) and (c)]. 
Our DFT simulations also identifies the most energetically favorable adsorption site is 
the hollow site, which is 0.424 eV/atom and 2.481 eV/atom smaller in energy compared to 
5the adsorption on the on-top site of Nb and the on-top site of Se is, respectively. The 
adsorption results electron charge transferring from Fe predominantly to the nearest Nb 
atoms [Fig. 1(d)]. From our DFT calculations, spin polarizations of the five d orbitals of the 
Fe adatom are all survived upon the adsorption on NbSe2, resulting a magnetic moment of 
3.784 . The spin polarization is mainly on Fe atom, but the nearest Nb atoms also get 𝜇𝐵
slightly spin-polarized [Fig. 1(e)]. 
Next, we study the effect of local magnetic moment from the Fe adatom on 
superconductivity. Fig.2(a) shows a STM image of a typical Fe adatom. The dI/dV spectra 
were taken at the edge of the Fe adatom exhibit a prominent YSR bound state inside the 
superconducting gap, whose energy is close to the zero bias, demonstrating its strong pair 
breaking effect [Fig. 2(b)]. The shape of the bound state appears asymmetric. It is a 
consequence of overlap from the particle and hole parts of the YSR states, which have 
different intensity. In addition to the asymmetric bound state near zero bias, the occupied 
coherence peak has higher intensity than its unoccupied counterpart. This suggests the 
existence of another pair of YSR bound states that are close to the coherence peaks. 
Surprisingly, the YSR states are barely seen at the center of the Fe adatom. There is minute 
density of states inside the superconducting gap and similar asymmetric conductance 
intensity at the coherence peaks. This indicates the YSR states are not evenly distributed on 
the Fe atom, whose spatial evolution calls for a spectroscopic imaging to the YSR state. 
We then focus on the YSR state close to the Fermi level. The spectroscopic mapping 
is obtained by setting at 0.15 mV, corresponding to the energy of the YSR state that has the 
6highest intensity. As shown in Fig.2(c), spatial distribution of the YSR state displays a three-
fold symmetric pattern. It is indeed suppressed at the atomic center and enhanced at edges of 
the Fe atom along three symmetry axes of the Se lattice. The conductance intensity of the 
YSR state becomes significantly smaller and eventually unresolvable upon further increasing 
distance from the Fe center. This contrasts with previous studies on imbedded Fe impurities 
in 2H-NbSe2, where a six-fold symmetric star-shaped pattern is observed, and the star center 
has strongest intensity [23]. It is also note that the spectral intensity of the YSR states at the 
edge of the Fe adatom in our case is stronger than that at the center of the imbedded Fe atom 
in the previous study [23]. Presumably, the Fe adatom is closer to the STM tip and has 
increased contribution to the tunneling signal. 
Having identified the spatial distribution symmetry of the YSR state, we further study 
its spatial extension quantitatively to examine its decay behavior. Fig.2(d) is a 2D 
conductance plot taken across the Fe adatom along the red dotted line in Fig. 2(a).  Note that 
the zero position is set at the center of the Fe atom. In addition to the strongest YSR state 
intensity at the edge of the Fe atom, the second strongest YSR intensity appear at ~1.4 nm 
from the Fe center. With further increasing distance, the YSR intensity rapidly decreases and 
becomes barely seen after the second oscillation. This observation is in consistency with the 
spectroscopic mapping. For YSR states, its decay behavior in real space follows an 
oscillatory manner, whose periodicity is related to the Fermi vector . The relation between 𝑘𝐹
the distance r and the local density of states of the YSR state  can be written as  |𝜓 ± |2|𝜓 ± |2 ∝  (𝑠𝑖𝑛(𝑘𝐹𝑟 + 𝑎))2/𝑟𝐷 ‒ 1·𝑒𝑥𝑝( ‒ 𝑟/𝑏)
7Here, a and b are two constants determined by the specific scattering potential from the 
magnetic impurity. The lower index in  represents the particle and hole component of |𝜓 ± |2
the YSR wave function. D depicts dimensionality of the superconductor, where D = 2 for 2D 
case and D = 3 for 3D case, respectively. To quantitatively evaluate the decay behavior, we 
extracted a line cut along the green line in Fig. 2(d). Subsequently, we performed numerical 
simulations with the decay rate of 2D and 3D superconductivity, respectively [Fig. 2(e)]. 
Obviously, simulation of the 3D case delivers a significantly better fitting compared to that 
of 2D. The fitting gives a  of ~0.32 Å-1, which agrees with previous report (Ref. [23]). 𝑘𝐹
However, the spatial decay showing b = 2.8 nm is in distinct contrast to that of the imbedded 
Fe impurity, which has a 2D decay behavior.  
We have also evaluated the influence of CDW pattern on the YSR state. Figure 3(a) 
shows four Fe adatoms which are located at different positions relative to the CDW pattern. 
The spatial distribution of the YSR states for the four Fe adatoms overall express threefold 
symmetry [Fig. 3(b)]. And, the CDW pattern merely contributes corrections to the symmetry 
by making one arm of the YSR states darker in atom 4 and brighter in atom 2. Similar 
behavior of symmetry correction is observed in the imbedded Fe atoms [23], presumably due 
to the CDW as well. Moreover, there is no obvious difference on the spatial extension of the 
YSR states of the four atoms. For all the measured atoms whose number is approximately 
30, we didn’t observe any atoms whose YSR states deviate dramatically from the threefold 
symmetry and the short-range decay behavior. Therefore, the leading features of the YSR 
8state are not affected by the CDW pattern. We notice a systematic study on the correlation 
between the CDW pattern and the YSR states has been reported very recently [28].
Energy of the YSR states are governed by the Kondo like exchange coupling J between 
the magnetic impurities and Cooper pairs in the superconductor. The J is directly related to 
the hybridization strength of the impurity and substrate, which is governed by the local crystal 
field of the absorption site [10]. In addition to its energy, the J, in conjunction with the 
anisotropy of the Fermi surface of the substrate [29], also determines the spatial anisotropy 
of the YSR state. NbSe2 possess valley characteristic Fermi surfaces, rendering it an ideal 
substrate for addressing the effect of J on the spatial symmetry of the YSR state. YSR states 
on NbSe2 have been investigated in several studies with spectroscopic measurements of STM 
[28,30,31]. When the Fe is absorbed on the hollow site of three Nb atoms, a threefold 
symmetry YSR should be expected. This is indeed confirmed based on a tight-binding 
calculation. Particularly, we take the same 1-band model characterizing the lowest-lying Nb 
4d-derived states of 2H-NbSe2 [23]. Instead of introducing a hopping amplitude between the 
adatom orbital and a single triangular site as done in Ref. [23], which gives rise to a sixfold 
YSR state [Fig. 4(a)], we model the threefold absorption site by introducing a finite hopping 
amplitude between the adatom orbital and the three nearest neighbor triangular sites, which 
leads to a threefold YSR state [Fig. 4(b)].
For the short-range decay of the YSR state, we provide an analytical argument. Given 
the fact that the spatial decay of the YSR state is closely related to the spatial profile of real 
space electron Green function, or propagator, of the superconducting substrate (see Ref. [23] 
9for details), we compute this quantity for a system consisting layers of 2D BCS 
superconductors. In the supplemental material, we show that in the asymptotic limit 
, where  is the Fermi momentum and  is the real space coordinate within the layer, 𝑘𝐹𝑟 ≫ 1 𝑘𝐹 𝑟
the YSR state wave function at first decays as  (2D decay) and then changes into a 1/ 𝑟
-form of decay at larger distance, with a crossover distance , where  is the 1/𝑟 𝑟𝑐 ∼ 𝑣𝐹/(2𝑡) 𝑣𝐹
Fermi velocity of a single layer 2H-NbSe2, and  is the interlayer coupling strength of 2H-𝑡
NbSe2. This leads to a plausible explanation for the discrepancies between the long-range 
decay of the YSR state observed in Ref. [23] and the short-range decay observed in ours. In 
the former case, the magnetic impurities are imbedded in the 2H-NbSe2, which may strongly 
distort the lattice locally and thus reduce the interlayer coupling near these impurities. In the 
latter case, on the other hand, the adatoms are all adsorbed on a single layer, the layered 
structure gets less distorted and thus we can expect a larger interlayer coupling . Hence, it 𝑡
can be expected that our system has a smaller , which makes the YSR states decay much 𝑟𝑐
faster. 
Before concluding, we note that the electron and hole components of the YSR states are 
split in energy in Ref. 23, but overlap in our case. Our study indicates that such overlapping 
doesn’t affect the symmetry and decay behavior. Our modeling reveals the symmetry of the 
YSR state is dominated by the exchange coupling to the local environment. The adsorbed Fe 
atom has a threefold environment, endowing its YSR state with threefold symmetry for both 
the electron and hole components. On the other hand, the decay of the YSR state is related 
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to the dimensionality of the hosting superconductivity, which is irrelevant to the overlap of 
electron and hole like YSR states either. 
In conclusion, we have investigated the YSR states of single Fe adatom on layered 
superconductor 2H-NbSe2. The spatial distribution of the YSR states exhibits a characteristic 
pattern with threefold symmetry. It is ascribed as the result of the specific hollow-site 
adsorption configuration of Fe adatom on NbSe2 surface. The YSR state has short-range 
spatial extension conforming to a decay behavior of 3D superconductivity. This implies that 
the inter-layer interaction of 2H-NbSe2 has substantial influence on the local environment of 
adsorbed Fe adatom. Our results may provide help for clarifying the dimensional dependence 
of YSR states in layered superconductors.  
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Figure 1. Topography of Fe adatom on NbSe2. (a) STM image (Vt = -500 mV, It = 100 pA) 
of Fe adatoms deposited on NbSe2 surface. The inset is a zoom in image (Vt = 8 mV, It = 20 
pA) of a single Fe atom superimposed with atomic positions of Se lattices. (b, c) Bias 
dependent topography of single Fe adatom. Imaging conditions: Vt = 100 mV, It = 100 pA 
for (b), and Vt = 20 mV, It = 100 pA for (c). (d) DFT calculated charge redistribution around 
the Fe adatom, which is adsorbed at hollow site of the Se lattice. The cyan and yellow colors 
represent depletion and accumulation of electrons. The light (dark) green balls depict Se (Nb) 
atoms. (e) DFT calculated spin distribution of Fe adatom (orange ball), which is represented 
with yellow color.
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Figure 2. YSR state of single Fe atom. (a) Topography of single Fe adatom. Imaging 
condition: Vt = 80 mV, It = 20 pA. (b) dI/dV spectra taken at different locations of the Fe 
adatom. The spectra have been shifted vertically for clarity and the zero conductance for each 
spectrum is indicated by horizontal dashed lines. Spectroscopic set point: Vt = 4 mV, It = 100 
pA. (c) dI/dV mapping of the YSR state of single Fe adatom taken at 0.15 mV. Spectroscopic 
set point: Vt = 3 mV, It = 80 pA. (d) 2D conductance plot taken along the red dashed line in 
(a), showing the spatial evolution of the YSR states. Spectroscopic set point: Vt = 4 mV, It = 
100 pA.  (e) Conductance line profile (black dotted line) extracted along the green line in (d). 
The numerically simulated curves, showing the spatial decay of the YSR states based on 3D 
and 2D superconductivity, are marked in red and blue lines, respectively. 
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Figure 3. Influence of CDW on the YSR state. (a) STM image of Fig. 1(a) whose color scale 
is adjusted to enhance the CDW pattern. The centers of the Fe adatoms and CDW patterns 
are marked with green and yellow dots, respectively. The red (blue) color represents high 
(low). (b) The dI/dV mapping of the identical area in (a), showing the spatial distribution of 
the YSR states. (Spectroscopic parameters: Vt = -2 mV, It = 50 pA, Vmod = 0.05 mV).
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Figure 4. Tight-binding modeling of YSR states. (a) Spatial distribution pattern of 
for YSR states (grey solid dot) from on-top Fe adatom, showing sixfold symmetry. (b) |𝜓 ‒  ​|2 
Spatial distribution pattern of for YSR states (grey solid dot) from hollow site Fe |𝜓 ‒  ​|2 
adatom, showing threefold symmetry. In (a) and (b), the open dots and a red cross depict Nb 
atoms and the Fe adatom, respectively. Higher intensity of the YSR states corresponds to 
darker grey color. See supplemental material for detailed description of the tight-binding 
calculation.
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